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Figure 5. Effect of AA on GSH synthesis in KCL22/SR cells. (A,B): KCL22/SR cells were cultured in the presence of 0.125 mM AA for 24 hours.
Changes in the levels of v-GCSI mRNA (A) and GSH concentration (B) were examined as described in Materials and Methods. (C): KCL22/SR cells were
incubated with or without 0.125 mM AA in the absence or presence of 0.5 uM imatinib for 72 hours. Viable cells were counted by trypan blue exclusion
at various time points, as indicated in the figure. (D): KCL22/SR cells were incubated in the presence of various concentrations of imatinib with or without

ascorbic acid. The ICsy values of imatinib are shown in the figure.
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Figure 6. Formation of Nrf2/DNA complex at ARE in other imatinib-
resistant cell lines. Nuclear extracts were prepared from K562, K562/SR,
KU812, and KU812/SR cells. Gel mobility shift assay was performed using
the end-labeled oligomers corresponding to ARE.

imatinib treatment (data not shown). We did not examine
changes in Nrf2/DNA complex formation induced by AA in
that case; however, itis possible that AA-induced inhibition of
Nrf2 activity strengthened the effect of imatinib. It has been
reported that reactive oxygen species could inhibit the activ-
ity of protein tyrosine phosphatases, resulting in the induc-
tion of protein tyrosine phosphorylation [32]. Thus, AA
may also have other biological effects through phosphatase
activation. Taken together, these results suggest that AAis an
attractive molecular target reagent for overcoming resistance
to imatinib in some imatinib-resistant CML cells.
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Abstract

Background Hybrid adeno-retroviral vector systems utilize the high
efficiency of adenovirus transduction to direct the insitu production of
retroviral progeny. In this study, we show that a single-step transduction
of glioma cells with trans-complementing hybrid adeno-retroviral vectors
effectively turns these cells into retrovirus vector-producing cells, which in
turn facilitates the transduction of adjacent cells.

Methods We have adapted the adeno-retroviral hybrid viral vector system
to enhance the ganciclovir (GCV) killing of glioma cells following transfer of
the herpes simplex virus thymidine kinase (HSV-tk) gene. To assess the effect
of the in situ production of retroviral vectors on the transduction efficiency
of glioma cells, 9L cells were transduced with adeno-retroviral hybrid vectors
that separately express a retroviral genome (AVC2.GCEGFP or AVC2.GCTK)
and retroviral packaging proteins (AxTetGP and AxTetVSVG). The generation
of an integrated HSV-tk provirus by trans-complementation of the adeno-
retroviral vectors was verified by analysis of the flanking retroviral LTR
sequences. Tumors established on nu/nu mice were injected with the viruses
followed by intraperitoneal injections of either PBS or GCV. We also estimated
the copy numbers of the HSV-tk transgene present in the tumors of the treated
mice. To determine the expression pattern of the HSV-tk transcripts within
a tumor, in situ hybridization analysis was performed using an RNA probe
specific for HSV- tk.

Results The co-transduction of rat 9L glioma cells with AVC2.GCEGFP
together with vectors expressing packaging proteins of retroviruses increased
the transduction efficiency. Transduction with AVC2.GCTK together with
packaging vectors increased the in vitro sensitivity of cells to the pro-drug
GCV by one log compared with control cells that were incapable of generating
retrovirus. In vivo, the injection of established subcutaneous 9L tumors on
athymic mice with a combination of AVC2.GCTK and packaging vectors
followed by GCV treatment resulted in complete tumor regression in 50% of
tumors at day 22, while no tumor regression was observed in control animals.
Retroviral sequences diagnostic of 3’ LTR reduplication in vivo were detected
in genomic DNA extracted from the transduced tumors, indicating pro-viral
integration of the retroviral genome derived from the adeno-retroviral hybrid
vector. Furthermore, the relative copy number of the HSV-tk gene in tumors
treated with the adeno-retroviral vectors was up to ~250-fold higher than
in control tumors. In situ hybridization suggested dispersion of the HSV-tk
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product across a wider area of the tumor than in control tumors, which indicates the spread of the in situ generated

retroviruses.

Conclusions Although the efficacy of this system has to be evaluated in orthotopic models, our observations suggest
that this hybrid adeno-retroviral vector system could improve the suicide gene therapy of tumors. Copyright © 2004

John Wiley & Sons, Ltd.
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Introduction

When tumor cells that have been transformed with the
herpes simplex virus thymidine kinase (HSV-tk) gene are
treated with the pro-drug ganciclovir (GCV), they regress
[1]. However, the clinical benefit of this cancer gene
therapy system is limited due to the poor efficiency of
gene transfer [2]. To improve the therapeutic potential
of this system, it is necessary to enhance the efficiency
of the delivery of a therapeutic gene in vivo as well as to
increase the stability of the expression of the gene.

We and others have previously described hybrid
vector systems that use adenoviral vectors to deliver
retroviral vector and packaging proteins into cells
[3-9]. These systems benefit from the efficient gene
transfer characteristics of adenoviral vectors as well
as from the stable and long-term gene expression
that is typical of retroviral vectors. The initial co-
transduction of such adeno-retroviral hybrid vectors
results in the transient production of recombinant
retrovirus particles that then subsequently transduce
neighboring cells. Adenovirus vectors expressing trans-
complementing genes for retroviral proteins and retroviral
vector RNAs have been successfully used for the in situ
transduction of tumor cells [3,7].

We describe here an improved adeno-retroviral vector
system that efficiently produces pseudotyped retroviral
vectors. To simplify the construction of the chimeric vector
carrying the retroviral genome, the directional ligation
technique with the DNA-protein complex was employed
[10]. We show that our adeno-retroviral packaging system
can be used to rescue an integrated retroviral provirus
in tumor cells and to enhance the therapeutic gene
expression in glioma cells. In addition, we demonstrate
that an adeno-retroviral HSV-tk vector system coupled
with GCV enhances GCV-mediated killing of glioma cells
both in vitro and in vivo. This suggests that this strategy
produces sufficient levels of vectors in situ for the killing
of solid tumors.

Materials and methods

Plasmid construction

The hybrid adeno-retroviral vector plasmid pAVC2.GCE-
GFP was constructed as follows. The 3’ long terminal

Copyright ® 2004 John Wiley & Sons, Lid.

repeat (LTR) (Cla I-Nde I fragment) of the Molony murine
leukemia virus (MMLV)-based retroviral vector pGCsap
was replaced with the 3° LTR (Cla I-Nde I fragment)
of the myeloproliferative sarcoma virus (MPSV) to form
pGCsapM. To generate pGCsapMEGEP, the Nco I-Not I
fragment from pEGFP-N1 (Clontech Laboratories, Palo
Alto, CA, USA) containing cDNA encoding the enhanced
green fluorescent protein (EGFP) was cloned into Nco
I-Not I-digested pGCsapM. This ensured that the EGFP
translational initiation site was precisely located at the
env translational start site found in the wild-type MMLV
retrovirus. The retroviral vector GCsapMEGFP cassette
was then cloned as an Asc I-Xba I-fragment into Asc
[-Xba I-digested pAVC2.LXSN [5], from which the LXSN
retroviral vector genome had been removed, to generate
PAVC2.GCEGFP (Figure 14).

The hybrid adeno-retroviral vector plasmid pAVC2.GC-
TK was derived from pGCsam [11]. The full length
coding region of the HSV-tk ¢DNA contained in the
Spe I-Cla 1 fragment from pAVS6TK [12] was subcloned
into pBluescript SK (+) and then cloned as a Not
I-Cla 1 fragment into Not [-Cla I-digested pGCsam,
which generated pGCsamTK. To construct pAVC2.GCTK
(Figure 1A), the retroviral vector GCsamTK cassette was
cloned as an Asc I-Xba I fragment into Asc I-Xba I-digested
AVC2.IXSN.

Generation of adenovirus vectors

The recombinant hybrid adeno-retroviruses AVC2.GCE-
GFP and AVC2.GCTK were generated using the mutant
adenovirus type 5, dl327 [13]. A DNA-protein complex
of dI327 was prepared as described previously [10].
The di327 DNA-protein complex was digested with
Cla I and Bst Z17 and treated with bacterial alkaline
phosphatase (LTI, Grand Island, NY, USA) at 37°C for
30 min. The enzymes were removed by three cycles of
dilution with TE (pH 8.0) followed by concentration
by using a Centricon YM-100 column according to
the manufacturer’s instructions (Amicon, Beverly, MA,
USA). The AVC2.GCEGFP and AVC2.GCTK cassettes were
excised from their respective plasmids (pAVC2.GCEGF
and pAVC2.GCTK) by Rca I and Bst Z17 digestion and
purified by agarose gel electrophoresis (QIAquick gel
extraction kit; Qiagen, Hilden, Germany). The purified

J Gene Med 2004; 6: 288-299.
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Transfection into 293 cells

Figure 1. Schematic representation of the adeno-retroviral hybrid vectors used in this study. (A) The adeno-retroviral hybrid vector
plasmids containing retroviral vector genomes expressing either GFP (AVC2-GCEGFP) or HSV-tk (AVC2-GCTK). SD, splice donor; SA,
splice acceptor. (B) Cloning of recombinant adeno-retroviral hybrid vectors using directed ligation of a linearized vector plasmid
into a DNA~protein complex in a single step without homologous recombination

fragments were mixed with 0.2 ug of Cla I- and Bst Z17-
digested dl327 DNA-protein complex (Figure 1B) at a
molar ratio of 3:1 and ligated with 5 Weiss U of T4 DNA
ligase (New England Biolabs, Beverly, MA, USA) in a
volume of 10 pl overnight at 9°C. The ligated samples
were desalted by using a Centricon YM-100 column
and transfected into 293 cells by calcium phosphate co-
precipitation, after which the cells were overlaid with
agar as previously described [14]. The infectivity of
the ligated DNA-protein complex was approximately 10
plaque-forming units/ug of DNA-protein complex for
both vectors. Virus plaques were isolated and expanded
in 293 cells. All viruses screened by PCR for the
presence of the inserted retrovirus vector genome were
positive. A control adenovirus vector AVC2.null with no
expression gene cassette was constructed and propagated
as described before [10]. The adenoviruses AxTetGP
and AxTetVSVG expressing the MMLV gag-pol and the
G protein of vesicular stomatitis virus (VSV-G) envelope
protein, respectively, have been described previously [15].
The expression of the gag-pol and VSV-G proteins is under
the control of the transcriptional regulator reverse Tet-
controlled transactivator (rtTA) that is supplied by the
adenoviral vector AV-rtTA [7]. These adenoviral vectors
were propagated and purified as described previously
[14].

Cell lines

The amphotropic retroviral vector producer cell line
FLYA13 [16], the rat glioma cell line 9L [17], the human

Copyright © 2004 John Wiley & Sons, Ltd.

glioma cell line D54 [18], and the human embryonic
kidney cell line 293 [19] were cultured in Dulbecco’s
modified Fagle’s medium (DMEM high glucose; 4.5 g/1,
Life Technologies, Gaithersburg, MD, USA) supplemented
with 10% fetal bovine serum (FBS, Life Technologies),
100 units/ml penicillin, 100 ug/ml streptomycin, and
2 mM glutamine at 37°C, 10% CO,. To express the
transgene from AxTetGP and AxTetVSVG, the cell culture
medium was supplemented with 1 pg/ml doxycycline
(Sigma, St. Louis, MO, USA). The GFP reporter cell line
D54GFPneo was established by transfecting the retroviral
expression plasmid pGC-GFP-loxP-EN [20] into D54 cells
by calcium phosphate co-precipitation [21] followed
by selection of independent GFP-positive colonies with
0.5 mg/ml G418 (Life Technologies).

Viral transductions

The cells were transduced with adenoviruses for 3 h
at a variety of muitiplicities as described for each
experiment. The cells were washed with growth medium
supplemented with 1 ug/ml of human serum y-globulin
(Miles Research Products Division, Elkhart, IN, USA) as
a source of neutralizing antibody against adenovirus
(these washes significantly reduce the carryover of
residual adenoviral vectors in newly synthesized retroviral
supernatants [51). Finally, growth medium supplemented
with human serum y-globulin (1 pg/ml) and doxycycline
(1 pg/ml) was added to each flask.

Putative retroviral-containing supernatants were har-
vested at the indicated time and centrifuged at 700 g, 4°C,

J Gene Med 2004; 6: 288-299.
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filtered (0.45 pum), aliquotted and stored at —80°C. For
retroviral transduction, target cells were plated in 6-well
plates at 5 x 10 cells per well and incubated overnight at
37°C in 5% COy. Duplicate retroviral transductions were
conducted at 37°C by plating 2 ml of undiluted viral
supernatant supplemented with polybrene (8 ug/mi) for
48 h.

FACS analysis

Fluorescence-activated cell sorting (FACS) analysis was
performed on a FACSCalibur (Becton Dickinson, San
Jose, CA, USA) equipped with an argon gas laser. A
standard band-pass filter was used to determine green
fluorescence intensity. Approximately 5 x 104 cells from
each sample were analyzed. The FL1 signal was acquired
in logarithmic mode, and the data were analyzed with
CellQuest software (Becton Dickinson).

RNA dot blot analysis

To estimate the retroviral supernatant titers, RNA dot
blot analysis was performed as described previously
[22]. Briefly, nylon membranes (Hybond N¥; Amersham
Life Sciences, Arlington Heights, IL, USA) were soaked
for 10 min in 1x SSC (0.15M NaCl, 0.015 M sodium
citrate) and placed onto a manifold dot blot apparatus
(Schleicher & Schuell Inc., Keene, NH, USA). To avoid
detection of the adenovirus DNA, supernatant (180 ul)
without denaturing procedure was transferred onto nylon
membranes using the manifold dot blot apparatus and
vacuum suction. The membranes were cross-linked by UV
and hybridized with a MMLV psi ¢DNA probe that had
been randomly labeled with [«%2P] dCTP (Megaprime
DNA labeling systems, Amersham Life Sciences). The
membranes were subjected to phosphoimager analysis,
and dot blot densities were measured with a Bio
imaging analyzer (BAS1500; Fuji Photo Film Co., Ltd.,
Tokyo, Japan). Dot densities were expressed as relative
pixel intensity and retroviral titers were determined
by comparison with the known expression titer in a
supernatant of the retrovirus vector LASN [23].

Adenovirus detection in the retroviral
supernatants

To assay for the presence of biologically active adenovirus
in the retroviral supernatants, 293 cells (1 x 10%) were
incubated with 200 pl of samples for 72 h. The presence
of adenovirus was assessed by monitoring for evidence of
cytopathic effects and the detachment of the cells 2 weeks
later.

GCV sensitivity assay

The killing effect of GCV (Syntex, Palo Alto, CA, USA) was
measured by *H-thymidine incorporation [24]. Briefly,

Copyright © 2004 John Wiley & Sons, Ltd.
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5 x 10* cells were cultured in 96-well flat-bottomed
microtiter plates in the presence of varying concentrations
(0-50 uM) of GCV. After 42 h the cells were pulsed
with 0.25uCi per well of 3H-thymidine (Amersham
International, Bucks, UK) and harvested 6 h later. The
effect of GCV on tumor cell proliferation is expressed as
a percentage of the thymidine incorporation found in the
identical cultures not treated with GCV.

Molecular analysis

To confirm the integration of a retrovirus vector genome
rescued by trans-complementation of the hybrid vectors,
PCR analysis was conducted with high molecular weight
DNA extracted from the target cells 14 days post-
transduction (DNA extraction kit, Qiagen Inc.). A PCR-
amplified DNA product (560 bp) was extended from the
5 LTR or the 3’ LTR of the retroviral vector (sense
primer 5° AGGGCCAAGAACAGATGAGACAGC 3') to a
region downstream of the 5 LTR (antisense primer:
5 GTACAGACGCAGGCGCATAACATC 37). Conversion of
the 3’ LTR to the 5 LTR after provirus integration was
confirmed by digestion with Xba 1. The PCR product was
transferred to a nylon membrane (Hybond N*; Amersham
Life Sciences) by the capillary transfer method.

Vector treatment in vivo

Athymic female BALB/c nu/nu mice (Clea Japan, Tokyo,
Japan) were inoculated subcutaneously with 9L cells
(3 x 10° cells) in 100 ul Hank’s balanced salt solution
containing 25% (v/v) basement membrane matrix
(Matrigel; BD Biosciences, Franklin Lakes, NJ, USA).
The tumors were allowed to grow in vivo to an average
volume of 70 mm® (tumor volumes were calculated as
a x b® x 0.5 where a is the length and b is the width of
the tumor in millimeters). The established subcutaneous
tumors were injected with a control vector (group 1,
AVC2.null), a therapeutic vector (group 2, AVC2.GCTK),
a combination of vectors without the gag-pol expressing
vector (group 3, AVC2.GCTK, AVC2.null, AxTetVSVG, and
AV-rtTA), or the complete set of trans-complementing
adenoviral vectors that rescues the retrovirus (group
4, AVC2.GCTK, AxTetGP, AxTetVSVG, and AV-rtTA).
In each group, 1.0 x 107 plaque-forming units (pfu)
of each virus were administered. Viruses were injected
at four sites in each tumor with 100 ul of the virus
solution in total. The animals received doxycycline as
a 10 mg/ml solution in 5% sucrose via their water
bottles for a period of 3 days starting 24 h after virus
administration. When the tumor volume reached an
average volume of 100 mm?, the tumor-bearing animals
were treated with an intraperitoneal injection of GCV
at 30 mg/kg or phosphate-buffered saline (PBS) twice a
day for 14 consecutive days. Tumors with an average
volume of 100 mm® require more than 2.0 x 10° pfu of
HSV-tk expression adenovirus vector for their complete

J Gene Med 2004; 6: 288-299.

— 704 —



292

elimination [12]. Tumor growth was monitored two to
three times a week by measuring two perpendicular tumor
diameters using calipers. The total observation time was
2 months after the virus injection. Animals with tumors
larger than 1 cm in diameter were euthanized. Tumor
elimination that continued for more than 4 weeks was
considered to indicate complete regression.

Determination of HSV-tk transgene
copy number

To estimate the amplified copy number of the transgene
caused by the production of retroviral progeny, PCR
analysis was conducted on high molecular weight DNA
extracted from tumors (DNA extraction kit, Qiagen Inc.).
Using pAVS6TK [12] as a standard, an HSV-tk-specific
nucleotide sequence (nucleotides +418 to +737) was
amplified by PCR. Primers were chosen with the assistance
of the computer program Primer Express (Perkin-Elmer
Applied Biosystems, Foster City, CA, USA). We performed
BLAST searches against dbEST and nr (the non-redundant
set of GenBank, EMBL, and DDBJ database sequences)
to confirm the total gene specificity of the nucleotide
sequences chosen as primers. The specificity of the primer
sets was confirmed by sequencing the PCR amplification
products cloned into the pGEM-T vector (Promega,
Madison, WI, USA). Quantitative values were obtained
from the threshold cycle (Ct) number that indicated
exponential amplification of the PCR product (ABI PRISM
7700 sequence detection system; Applied Biosystems,
Foster City, CA, USA). To normalize each sample, we
also quantified the copy number of the GAPDH gene. The
relative target gene copy number was also normalized
with a calibrator (tumors treated with AVC2GCTK alone).
The final result, expressed as N-fold differences in target
gene copy number relative to the GAPDH gene and the
calibrator, was determined by the following formula:
Ntarget = 2¢0rrected ACHGAPDH-TK) ' Cr values of the sample
were determined by subtracting the average Ct value of
the target gene from the average Ct value of the GAPDH
gene.

In situ hybridization

Tumors from mice subjected to intratumoral injection
with adenovirus along with intraperitoneal PBS treatment
were removed 14 days after the injection and in situ
hybridization was performed using an antisense RNA
probe specific for the HSV-tk transcripts. Tissue specimens
from subcutaneous tumors were fixed for 12 h in 4%
paraformaldehyde at 4°C, cut into 30-um sections and
mounted on APS-coated slides. Using pAVS6TK [12]
as a template, an HSV-tk-specific nucleotide sequence
(nucleotides +418 to +737) was amplified by PCR and
cloned into pGEM-T vector (Promega). The HSV-tk RNA
probes were synthesized and labeled with digoxigenin
(DIG)-labeled deoxyuridine triphosphate by using a DIG

Copyright © 2004 John Wiley & Sons, Ltd.
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RNA-labeling kit (F. Hoffmann-La Roche Ltd, Basel,
Switzerland) according to the manufacturer’s instructions.
A DIG-labeled antisense RNA probe was obtained by using
DIG RNA labeling mixture with a Spe I-cut linearized
template and T7 RNA polymerase. Similarly, a sense
probe was prepared for negative control experiments by
using an Nco I-digested template and SP6 RNA polymerase
with the DIG RNA labeling mixture.

The 30-um tumor sections were pretreated with
100 pg/ml proteinase K at 37°C for 20 min. These
sections were rinsed with 2 mg/ml glycine and then
incubated with hybridization buffer containing 100 ng of
labeled RNA probe in a moist chamber at 42 °C overnight.
After hybridization, the sections were washed in 1 x SSC
for 10 min at room temperature, 0.2 x SSC for 20 min
at 42°C, 2 x SSC for 2 min at room temperature, and
digested with 10 ug/ml RNase A at 37°C for 20 min.
The sections were incubated in 0.5% blocking reagent
for 60 min and then in a 1:100 dilution of alkaline
phosphatase conjugated anti-DIG antibody for 60 min in
a moist chamber, followed by rinsing with Tris-buffered
saline. The alkaline phosphatase reaction was visualized
with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue
tetrazolium. The sections were counterstained with
methylgreen and coverslipped for light microscopy.

Results

Adeno-retroviral hybrid vectors can
rescue an integrated retroviral genome
from human glioma cells

To determine if an integrated retroviral genome could be
rescued from glioma cells by use of our adeno-retroviral
hybrid system, a human glioma cell line harboring
a retroviral vector expressing GFP (D54GFPnec) was
infected with a combination of adenoviral vectors
that express proteins required for retroviral packaging
proteins. Two trans-complementing adeno-retroviruses
were used. AxTetGP expresses the MMLV gag-pol
and AxTetVSVG expresses the VSV-G, which acts as
the retrovirus envelope protein. In addition, a third
adenovirus (AV-rtTA) was employed to regulate the
expression of these viruses. As a control system in
which retrovirus production does not occur, the AxTetGP
virus was replaced by the non-expressing adenovirus
vector AVC2null. Cells were infected with the appropriate
adenovirus vectors for 3h at various multiplicities of
infection (MOIs). Free adenovirus was removed by
washing cells with medium supplemented with human
y-globulin. Putative retrovirus-containing supernatants
were harvested 48 h post-adenoviral transduction and
used to transduce rat glioma 9L cells (Figure 2). Analysis
of the 9L cells showed significant levels of GFP 2 days after
the initiation of transduction (Figure 2A). In contrast,
target 9L cells exposed to supernatants obtained from
D54GFPneo cells transduced with the null adenoviral
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Figure 2. Rescue of an integrated GFP-expressing retroviral vector in 9L glioma cells by transduction with trans-complementing
adeno-retroviral hybrid vectors. Putative retrovirus-containing supernatants were obtained from a human glioma cell line carrying
an integrated retrovirus (D54GFPneo) following transduction with trans-complementing adeno-retroviral hybrid vectors at various
MOIs. The putative retroviral supernatants were used to transduce 9L glioma cells so that the production of progeny retroviruses
carrying the integrated GFP gene could be detected. (A) FACS analysis of 9L cells exposed to supernatants from D54GFPneo cells
that had been transduced with all of the adeno-retroviral vectors required for the generation of a retrovirus, namely, AxTetGP
(GP), AxTetVSVG (V), and AV-rtTA (rtTA). (B) FACS analysis of 9L cells exposed to supernatants from D54GFPneo cells transduced
with all of the adeno-retroviral vectors except for the retroviral gag-pol-expressing vector, which was replaced by the control

AVC2.null vector

vector plus the adenoviral vectors expressing the VSV-G
envelope protein and the rtTA showed little or no GFP
expression (Figure 2B). The percentage of target cells
that were transduced reached a plateau when an MOI
of 10 was used for each of the input adenoviruses. No
biologically active adenovirus was detected in any of the
supernatants.

In situ transduction efficiency of the
adeno-retroviral hybrid vector system
in glioma cells

To assess the effect of the in situ production of retroviral
vector on the transduction efficiency of glioma cells,
9L cells were transduced with adeno-retroviral hybrid
vectors expressing a retroviral genome (AVC2.GCEGFP)
together with all of the retroviral packaging proteins
(AxTetGP, AxTetVSVG, and AV-rtTA). Four days after
the adenoviral transduction, a higher percentage of the
cells were GFP-positive when they had been exposed to
all of the trans-complementing adeno-retroviral vectors
compared with cells exposed to AVC2.GCEGFP alone
or when AxTetGP was replaced by the non-expressing
adenoviral vector AVC2.null (Figure 3A). To confirm
the long-term transgene expression from the retrovirus
progeny generated by the adeno-retroviral vectors, we
compared 9L celis transduced by all of the required
adeno-retroviral hybrid viruses with those transduced
by the control vector combination (AVC2.GCEGFP,
AVC2.null, AxTetVSVG, and AV-rtTA). These cells were

Copyright ® 2004 John Wiley & Sons, Ltd.

mixed with non-infected cells at a ratio of 10%
transduced cells to 90% non-transduced cells and
passaged every 7 days. Two weeks after the transduction,
GFP reporter gene persistence and expression were
analyzed by fluorescent microscopy. The GFP-positive
cells from the group infected with AVC2.GCEGFP,
AxTetGP, AxTetVSVG, and AV-rtTA were present in a
clustered outgrowth after long-term culture, suggesting
local retroviral spread and clonal origin (data not shown).
This was in contrast to the cells infected with the control
combination of adenoviruses (AVC2.GCEGFP, AVC2null,
AxTetVSVG, and AV-rtTA), which showed attenuated GFP
expression.

To determine how long cells can produce retrovirus
after being infected with the vectors, a time course
experiment was performed. The 9L cells were infected
with all of the required adeno-retroviral hybrid viruses
(AVC2.EGFP, AxTetGP, AxTetVSVG, and AV-rtTA) at
an MOI of 3 in the presence of doxycycline. The
titers increased and reached nearly 4 x 10° TU/ml by
day 2, were maintained at similar levels until day 4,
and then decreased (Figure 3B). At day 6, retrovirus
production was still observed at a titer of 9 x 10% TU/ml.
Thus, infected 9L cells continued to sustain retrovirus
production for at least 6 days post-infection. The retention
of transgene expression over time in infected cells was
determined by evaluating the percentage of EGFP-positive
cells by FACS analysis. The percentage of EGFP-positive
cells increased over time, while the control group reached
plateau at day 4 (Figure 3C).
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Figure 3. Transduction efficiency of the adeno-retroviral hybrid vector system in 9L cells. (A) Rat 9L glioma cells were infected with
the trans-complementing adeno-retroviral vectors at a variety of MOIs (0.01, 0.1, and 1 of each virus) in the presence of 1 pg/mil
doxycycline. The hybrid adeno-retroviruses used were as follows: AVC2.GCEGFP alone (E), AVC2.GCEGFP, AVC2null, AxTetVSVG,
and AV-rtTA (ENVT), or AVC2.GCEGFP, AxTetGP, AxTetVSVG, and AV-rtTA (EGVT). Cells were harvested for FACS analysis of GFP
expression 4 days after transduction. (B) Time course of retroviral production by 9L cells infected with the hybrid vectors. Cells
were infected with AVC2.GCEGFP, AxTetGP, AxTetVSVG, and AV-rtTA at an MOI of 3 of each virus in the presence of doxycycline.
At different time points, the medium was replaced and the supernatant was titrated for EGFP expression on 293 cells. Data
shown represent means from three independent experiments. (C) The percentage of EGFP-positive cells transduced with the hybrid
vectors was determined at various time points by FACS. Cells were infected with AVC2.GCEGFP (E) or with AVC2.GCEGFP, AxTetGP,
AxTetVSVG, and AV-rtTA (EGVT) at an MOI of 3 of each virus in the presence of doxycycline. Data shown represent means and

standard deviations from three independent experiments

Characterization of an adeno-retroviral
vector carrying the HSV-tk gene

To demonstrate that the retroviral vector cassette within
AVC2.GCTK could be used as a retroviral genome
template, the retroviral producer cell line FLYAL3
was transduced with the adeno-retroviral hybrid vector
AVC2.GCTK at an MOI of 10. The retroviral supernatants
harvested 48 h post-transduction gave a titer of 1 x
107 TU/ml, which is consistent with titers obtained using
this cell line for the conventional production of retrovirus

[5].

Copyright © 2004 John Wiley & Sons, Ltd.

To examine the generation of the progeny retroviruses
in glioma cells using this AVC2.GCTK adeno-retroviral
vector system, we transduced rat glioma 9L cells with
this vector and the trans-complementing adenovirus
carrying the retroviral gag-pol and VSV-G proteins
at an MOI of 10 for each, followed by doxycycline
treatment. The retroviral titer of supernatants harvested
4 days after transduction, as measured by RNA dot
blot analysis, was estimated to be 4 x 10° TU/ml. This
experiment was performed several times using different
pools of supernatants and produced similar results in all
cases.
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The HSV-tk adeno-retrovirus enhances
GCV pro-drug killing of glioma cells

To assess if the killing effect of HSV-tk and GCV
is enhanced as a result of the use of our adeno-
retroviral hybrid vector system, a GCV-sensitivity assay
was performed using a mixture of transduced and
non-transduced 9L cells at a ratio of 1:19 or 1:9.
Three different groups of transduced 9L cells were
studied: (1) cells transduced with AVC2.null alone (MOI
40); (2) cells transduced with AVC2.GCTK, AVC2.null,
AxTetVSVG, and AV-rtTA (MOI of 10 each); and (3) cells
transduced with AVC2.GCTK, AxTetGP, AxTetVSVG, and
AV-rtTA) (MOI of 10 each). The cells were analyzed for
GCV sensitivity 48 h post-transduction. A dose range of
GCV was used (0.01-100 uM). Representative data are
shown in Figure 4. In the presence of GCV, infected cells
mixed with non-infected cells at a ratio of 5% to 95%
that were transduced with all the adeno-retroviral vectors
except that AxTetGP, which is required for the generation
of retrovirus, had an IC50 value of 46.8 pM (Figure 4A).
In contrast, 9L transduced with the progeny-producing
combination of adeno-retroviruses had an IC50 value of
1.1 pM. The increase in sensitivity to GCV that the ability
to produce progeny conferred to the 9L glioma cells is
thus more than one log. Similar results were obtained
when infected cells were mixed with non-infected cells at
a ratio of 10% to 90% (Figure 4B).

Proviral integration

The generation of an integrated HSV-tk provirus by
trans-complementation of the adeno-retroviral vectors
was verified by analysis of the flanking retroviral LTR
sequences. Typical retrovirus reverse transcription and
integration resulted in the re-duplication of the 3’ LTR
of the retrovirus to form the 5 LTR (Figure 5A). The
5 and 3’ LTR sequences of the retroviral vector in
the original adeno-retroviral vector differed slightly as
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the 5 LTR was derived from MMLV and the 3’ LTR
was from MPSV. Re-duplication of the 3’ LTR as the
result of retroviral transduction, reverse transcription,
and integration should result in the generation of two
LTRs with the same sequence. To assess if the expected
re-duplication of the 3’ LTR occurred following the
transduction of 9L cells with the trans-complementing
adenoviruses and the AVC2.GCTK adeno-retroviral vector,
we extracted high molecular weight cellular DNA from the
cells transduced with AVC2.GCTK, AxTetGP, AxTetVSVG,
and AV-rtTA. A PCR product of the expected size was
amplified from the DNA sequences within the LTR to a
region downstream of 5’ LTR. Xba I digestion of the PCR
product resulted in the generation of fragments of the
expected size, which suggests that the 3’ LTR had been
converted into the 5 LTR following the generation of
progeny retrovirus (Figure 5B).

Therapeutic effect of the HSV-tk
adeno-retroviral vector system in vivo

To assess if intratumoral administration of the trans-
complementing HSV-tk adeno-retroviral vectors leads to
the in situ production of a retrovirus expressing HSV-tk
and thus enhanced sensitivity to GCV killing, 9L tumors
established in nu/nu mice were injected with either
AVC2.null alone (n =20, group 1), AVC2.GCTK alone
(n = 20, group 2), AVC2.GCTK, AVC2.null, AxTetVSVG,
and AV-rtTA (n = 20, group 3), or AVC2.GCTK, AxTetGP,
AxTetVSVG, and AV-rtTA (n= 16, group 4). Subse-
quently, half the animals in each group (n =10 or 8 in
each group) received intraperitoneal injections of either
PBS or GCV. Figure 6 shows the tumor size in nu/nu
mice after vector administration. Compared with treat-
ment with combinations that are insufficient for retrovirus
production, treatment with the ideal combination of vec-
tors significantly inhibited the growth of the established
tumors (group 4 vs. group 3 plus GCV, p < 0.05 by the
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Figure 4. Enhanced killing of rat 9L glioma cells following transduction with adeno-retroviral vectors. GCV-sensitivity assays were
performed using mixtures of transduced and non-transduced 9L cells at a ratio of 1:19 (A) or 1:9 (B). Three different groups of
transduced cells were used, namely, (1) AVC2.null at an MOI of 40 (B); (2) AVC2.GCTK, AVC2null, AxTetVSVG, and AV-rtTA (MOI
of 10 for each) (@); and (3) AVC2.GCTK, AxTetGP, AxTetVSVG, and AV-rtTA (MOI of 10 for each) (0O). The transduced 9L cells were
harvested 48 h post-transduction and the killing effect of GCV was measured by *H-thymidine incorporation. The effect on tumor

cell proliferation is expressed as a percentage of the thymidine incorporation found in identical cultures that had not been treated
with GCV
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Figure 5. Integration of progeny retrovirus generated from the HSV-tk adeno-retroviral vectors. Genomic DNA of subcutaneous 9L
tumors transduced with AVC2.GCTK, AxTetGP, AxTetVSVG, and AV-rtTA was extracted for PCR analysis to determine if there had
been successful integration of the progeny retroviruses. (A) (i) Schematic representation of the retroviral vector incorporated in
the adeno-retroviral vector AVC2-GCTK. The 3’ LTR of AVC2.GCTK contains a unique Xba I site. (ii) Re-duplication of the 3’ LTR into
the 5’ LTR during retroviral replication and proviral integration generates an Xba I site within the PCR product. (B) PCR products
amplified from AVC2.GCTK DNA (lanes 1 and 2) and high molecular weight DNA purified from 9L cells transduced with the hybrid
trans-complementing adeno-retroviruses (lanes 3 and 4). The PCR products in lanes 2 and 4 were digested to completion with Xba I

Student’s t test). Since groups 3 and 4 contain the VSV-
G expression vector, VSV-G-related toxicity might induce
different initial growth rates. Intratumoral injection of all
the trans-complementing HSV-tk adeno-retroviral vectors
followed by GCV treatment resulted in complete tumor
regression in four of the eight tumors that lasted longer
than 4 weeks, while none of the tumors in control animals
were eliminated (p < 0.05 by the Fisher’s exact probabil-
ity test). Similar results were obtained in a repeat of this
experiment.

Enhanced expression of HSV-tk in
tumors accompanying the generation
of retroviral progeny

To determine if the enhanced killing seen following
intratumoral injection of the trans-complementing HSV-
tk adeno-retrovirus was due to the in situ generation of
HSV-tk expressing retrovirus, we estimated the relative
copy number of the HSV-tk transgene present in the
high molecular weight DNA extracted from the tumors
of the mice treated as described above (Table 1). The
GAPDH gene was used as a reference gene to correct
for variation in the amounts of DNA. The relative
copy number of the HSV-tk gene in tumors lacking
retroviral production (group 3, AVC2.GCTK, AVC2.null,
AxTetVSVG, and AV-rtTA) was similar to that in the
control treatment (group 2, AVC2.GCTK), whereas,
compared with group 2, it was 89- and 258-fold higher in
tumors receiving AVC2.GCTK, AxTetGP, AxTetVSVG, and
AV-rtTA (group 4).

To determine the expression pattern of the HSV-tk
transcripts within a tumor, in situ hybridization analysis

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 6. Effects of the hybrid vector system on xenograft growth
in athymic mice. To establish subcutaneous tumors, 9L cells were
inoculated subcutaneously into BALB/c nu/nu mice. Eight days
after the inoculation, the established subcutaneous tumors were
injected with either the control vector (1, AVC2.null, n = 20),
the therapeutic vector (2, AVC2.GCTK, n = 20), a combination
of vectors lacking AxTetGP (3, AVC2.GCTK, AxTetVSVG, and
AV-rtTA; n = 20), or the complete set of vectors (4, AVC2.GCTK,
AxTetGP, AxTetVSVG, and AV-rtTA; n = 16). Animals received
doxycycline as a 10 mg/ml solution with 5% sucrose via their
water bottles for a period of 3 days starting at 24 h after the
injection. When the tumor volume reached an average volume
of 100 mm?, half the animals in each group were treated with
intraperitoneal injections of GCV at 30 mg/kg or PBS twice a
day for 14 consecutive days. Each point represents the average
volume of the tumors % one standard deviation. *p < 0.05 by
the Student’s t test. Similar results were obtained in a repeat of
this experiment

was performed using an RNA probe specific for HSV-tk.
The HSV-tk transcripts in the tumors that did not produce
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Table 1. Relative HSV-tk transgene copy number in tumors
treated with adeno-retroviral trans-complementing viruses as
measured by real-time PCR. The relative copy number of the
HSV-tk gene was determined as the ratio of the copy numbers
in tumors treated with AVC2.GCTK alone to the copy numbers
in the other treatment group. The copy number of the reference
gene GAPDH was also determined to correct for variation in
the amounts of DNA. The final results are expressed as N-fold
differences in the HSV-tk gene copy number relative to the GAPDH
gene

ZcorrectedACt(GAPDH—TK)

Expt 1 Expt 2
vector <0.05 <0.05
AVQ2GCTK 1.0 1.0
AVCQ2GCTK, VSV-G 1.3 31
AVC2GCTK, VSV-G, gag-pol 89.3 258

retroviral progeny were restricted to a relatively small
area (Figure 7A). In contrast, tumors that had received all
of the trans-complementing adeno-retroviruses showed
evidence of higher levels and a wider dispersion of the
HSV-tk RNA signal (Figure 7C). Controls using a sense
probe showed no specific reactivity (Figures 7B and 7D).
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Discussion

In this study, we sought to engineer adeno-retroviral
hybrid vectors that would produce, in situ in tumor cells,
progeny retrovirus particles that express the therapeutic
HSV-tk gene. The aim of this system was to improve
the distribution of the therapeutic gene, which in
turn should reduce the amount of GCV required to
kill the transduced cells. We show that a single-step
transduction of tumor cells with trans-complementing
hybrid adeno-retroviral vectors effectively turns these
cells into retrovirus vector-producing cells, which in
turn facilitates the transduction of adjacent cells. This
significantly increases the expression of the transgene.
Moreover, we showed that as a result of the pseudotyped
retrovirus production following trans-complementation
of the adeno-retroviral hybrid viruses, the transduction
efficiency both invitro and invivo was enhanced. In
addition, we found that the trans-complementing adeno-
retroviral hybrid vector system expressing HSV-tk and
producing progeny retroviruses reduced by one log the
amount of GCV required to induce significant in vitro
killing of 9L glioma cells. Treatment with this system
also completely inhibited the growth of established

Figure 7. Enhanced expression of HSV-tk transcripts in 9L xenografts in athymic mice. Tumors from mice subjected to intratumoral
injection with adenovirus along with PBS treatment were removed 14 days after the injection and in situ hybridization was
performed using an antisense RNA probe specific for the HSV-tk transcripts (A and C). In tumor sections from mice treated with
AVC2.GCTK, AxTetVSVG, and AV-rtTA (A), HSV-tk was rarely detectable. However, in tumor sections from mice treated with the
complete set of vectors (AVC2.GCTK, AxTetGP, AxTetVSVG, and AV-rtTA), the HSV-tk RNA signal was more intense and shows a
wider pattern of dispersion through the tumor section (C). In situ hybridization for HSV-tk using the anti-sense probe (A and C) or
the sense probe (B and D). Results from one of several independent experiments are shown here. Similar results were obtained in
the other experiments. Magnification, x 100. Scale bar, 100 wm. Insert, 2x overview
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subcutaneous tumors in nude mice, and we showed that
this was probably due to the amplification of the HSV-tk
gene copy number and the consequent enhanced spread
of the HSV-tk product throughout the tumor.

We and others have previously described hybrid
vector systems that use adenoviral vectors to deliver
retroviral vector and packaging proteins into cells [3-91.
These systems benefit from the efficient gene transfer
characteristics of adenoviral vectors along with the
stable and long-term gene expression that is typical of
retroviral vectors. Initial studies of the co-transduction
of adeno-retroviral hybrid vectors showed that transient
retrovirus-producing cells can be successfully generated
and that these could subsequently cause the transduction
of neighboring cells {3,7]. Torrent et al. [9] also reported
a study with a chimeric vector system that resulted in
10- to 50-fold transgene amplification in vivo, although
they did not examine the distribution of the transgene
or the therapeutic efficacy of their system. In the
study reported here, we have altered these hybrid
adeno-retroviral vector systems so that the tumor-killing
effect of adenovirus-mediated HSV-tk/GCV therapy in situ
is enhanced. Compared with the adenovirus delivery
systems that lack retrovirus production, our system
provides 89- and 258-fold transgene amplification in situ
and stronger and wider dispersion of the transgene RNA
signal. The enhanced amplification efficiency is most
likely due to the in situ generated progeny retrovirus
particles bearing the VSV-G envelope protein, which has a
broader host range and higher transduction efficiency
than murine leukemia virus derived retrovirus [7].
Murine leukemia virus derived retroviral vectors have
had limited application in gene therapy because of low
transduction efficiency of tissues, both in vitro and in vivo.
One study showed that the transduction efficiency of the
amphotropic vector into human cancer cells was not dose-
dependent and reached a plateau or even decreased,
especially at high MOIs [25]. This may be attributed
in part to the presence of the envelope protein and
non-infectious particles that compete for the receptor of
infectious amphotropic viruses. In contrast, the receptor
for VSV-G exists in abundance on the cell surface. Thus,
our hybrid vector system pseudotyped with the VSV-G
envelope glycoprotein is an alternative tool for efficient
transduction.

For safety reasons, the retroviral functions in our
system were split into different adenoviral backbones.
However, there are some reports of studies that use a
single helper-dependent adenovirus (HDAd) vector to
accommodate large inserts. A vector system that uses
an HDAd vector as a carrier to deliver a replication-
competent ecotropic retrovirus vector has been developed
[26]. An adenovirus/lentivirus hybrid vector on a single
HDAd backbone was also developed for stable integration
[27]. Although adenovirus-mediated transduction seems
to be efficient in most cancers, there are several
reports of studies using different viral components that
convert tumor cells into retroviral producer cells. One of
these employs a single-step system with herpes simplex

Copyright © 2004 John Wiley & Sons, Ltd.

T. Okada et al.

virus/Epstein-Barr virus hybrid amplicons that converts
cells into retrovirus vector producers [28]. Infection
of primary gliomas with this system resulted in the
production of retrovirus vectors and long-term retention
in vitro. Poxviral/retroviral chimeric vectors also allow
cytoplasmic production of defective retroviral particles
[29]. Vaccinia-mediated expression of retroviral vector
particles could be observed as early as 3 h post-infection
and resulted in the stable transduction of NIH/3T3 cells.
An alphavirus/retrovirus hybrid vector has also been used
to transduce the retroviral vector packaging cell line [30].
The produced factor IX minigene-containing retroviral
vectors were used for stable transduction in vitro.

When we used our hybrid vector system to treat a
subcutaneous tumor model, we detected enhanced trans-
gene expression together with an increased therapeutic
effect in vivo. This suggests that the retroviral progeny are
efficiently produced in situ. Although the efficacy of this
system has to be evaluated in orthotopic models, current
observations suggest that it is a promising method that
has many possible applications in cancer gene therapy.
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Expression of human coagulation factor VI

in adipocytes transduced with the simian
immunodeficiency virus agmTYQO1-based vector
for hemophilia A gene therapy
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We demonstrate that transduction of adipocytes with a
simian immunodeficiency virus agm TYO1 (SIVagm)-based
lentiviral vector carrying the human coagulation factor VIl
gene (SIVhFVIII) resulted in expression of the human FVIIi
transgene in vitro and in db/db mice in vivo. Cultured human
adipocytes were transduced with the SIVagm vector carrying
the GFP gene in a dose-dependent manner and fransduction
of adipocytes with SIVAFVIII resulted in efficient expression
of human coagulation factor VIIl (hFVIil; 320+ 39.8 ng/10°
adipocytes/24 h) in vitro. Based upon successful trans-
duction of adipocytes by SIV vectors carrying the lacZ gene
in vivo in mice, the adipose tissue of db/db mice was

transduced with SIVhFVIIl. There was a transient appear-
ance of human FVIIi in mouse plasma (maximum 1.8 ng/ml)
on day 11 after the injection. Transcripts of human FVIill
transgene and human FVIll antigen also were detected in
the adipose tissue by RT-PCR and immunofluorescence,
respectively, on day 14. Emergence of anti-human FVIll
antibodies 14 days after the injection of SIVhFVIll may
explain the disappearance of human FVill from the circula-
tion. These results suggest that transduction of the adipo-
cytes with vectors carrying the human FVIII gene may be
potentially applicable for gene therapy of hemophilia A.

Gene Therapy (2004) 11, 253-259. doi:10.1038/sj.gt.3302174

Keywords: adipocyte; simian immunodeficiency virus vector; hemophilia

Introduction

Hemophilia A is an inherited X-linked lifelong bleeding
disorder caused by abnormality in the coagulation
factor VIII (FVIID) gene.!? The genetic abnormalities
result in deficiency of FVIII, which in turn creates a
bleeding diathesis, such as life-threatening intracranial
bleeding and bleeding in joints and muscles. Hemophi-
lias occur as mild, moderate, or severe, depending on
the blood FVIII level of 6% or more, 2-5%, or 1% or less.
The current standard therapy is intravenous (i.v)
injection of human plasma-derived FVIII or recombinant
FVIIL. Aside from certain specific situations, such as
preoperative factor coverage, i.v. infusion of FVIII is
usually used to treat acute bleeding episodes and
prophylactic FVII iv. infusion is not recommended.
However, maintaining of blood FVIII levels to more
than 5% of the normal FVIII concentration may result
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in significant clinical improvement. Furthermore, if
one can increase FVIII levels to more than 1% in
severe hemophilia patients, they may have significantly
fewer bleeding episodes and improved quality of
life. Recombinant FVIII products are now commer-
cially available, but may not be completely free from
pathological substances such as prions or as yet
unknown viruses. In this regard, gene therapy is being
explored as the next generation therapy for hemophilia
patients.’?

Adipocytes are terminally differentiated and nondi-
viding cells. They not only store excess energy in the
form of fat but also synthesize and secrete a variety of
biologically active molecules such as leptin, adiponectin,
cytokines, and plasminogen activator inhibitor-1 to the
circulation.? Subcutaneous adipose tissues are readily
accessed for vector administration. In addition, the
adipose tissue can be removed surgically if necessary.
These characteristics present attractive features of adi-
pocytes for therapeutic gene therapy. In the present
study, we use SIVagmTYOl-based vectors to show that
SIVagmTYOlvectors can transduce adipocytes in vitro
and in vivo, resulting in therapeutic gene expression, an
expression mode that may be applicable to hemophilia
gene therapy.
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Results

Transduction of adipocytes with SIVeGFP

and SIVhFVIII in vitro

To assess the in vitro transduction efficiency of adipo-
cytes with the SIV vector, human adipocytes were
cultured in the presence of increasing concentrations of
SIVeGFP for 48 h. After transduction, cells were washed
and incubated in medium for 72 h. As shown in Figure
la (phase-contrast view), cells containing intracellular
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Figure 1 Transduction of human white adipocytes with SIVeGFP. Human
white adipocytes (6.7 x 10%cellsfwell) were incubated with increasing
concentrations of SIVeGFP for 48 h. After incubation, cells were washed
with PBS and incubated in media for 72 h (a, phase contrast). Expression
of eGFP was visualized by fluorescence microscopy (b) and flow cytometry
(c). The percentages of transduced cells expressing eGFP are shown (c)
(mean, n=2).
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lipid droplets represent the typical adipocyte morphol-
ogy. The fluorescent microscopy image showed that
eGFP was expressed in lipid droplet-containing adipo-
cytes (Figure 1b). Flow cytometry analysis (Figure 1c)
of these cells showed that eGFP expression in human
adipocytes increased in a dose-dependent manner.
Approximately 62% of adipocytes were efficiently
transduced with SIVeGFP at MOI 5 x 10° vg/cell (100
transduction units/cell). We also assessed human FVIII
production in the transduced human adipocytes. Cells
were incubated in the presence of increasing concentra-
tions of SIVHhFVIIL. The supernatants were harvested
after various incubation times and human FVIII antigen
levels were quantified by ELISA. FVIII production from
the human adopocytes started on day 5 and increased in
a dose- and time-dependent manner (Figure 2). After
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Figure 2 Transduction of human white adipocytes by SIVAFVIIL
(a) Human white adipocytes (6.7 x 10* cellsjwell) were incubated
with increasing concentrations of SIVRFVIII (B, 2 x 10? vg/cell; A,
6.5 x 107 vgfcell;”, 2 x 10° vgfcell; @, 6.5 x 10° vgfcell). After 48 h, cells
were washed with PBS and cultured for 14 days. Supernatants twere
harvested and human FVIII antigen quantified by ELISA, as described in
Materials and methods (mean+s.d., n=23). (b) Pulse-chase experiments
for FVIII production in human adipocytes (5 x 10° cells) were carried out
on day 7 after transduction with SIVRFVIII (6.5 x 10° vg/cell). Amounts
of [°S]-labeled FVIII in the conditioned media (@) and in the cell extracts
() were quantified as described in Materials and methods. Insets show the
pertinent portion of the autoradiography of [*°S]-labeled FVIII in the cell
extracts after pulse labeling and [**S]-lnbeled FVIII species (heavy chain
(HC); light chain (LC); degradation products) in the conditioned media
after 1 h chase incubation.

— 714 —



transducing cultured human adipocytes with SIVhFVIII
at MOI 6.5 x 10% vg/cell, 3204+39.8 ng of human factor
VIII was produced from 10° adipocytes during a 24 h in
vitro incubation. To study the secretion of FVIII from
transduced adipocytes, pulse-chase experiments were
performed. Approximately 53% of human FVII, ex-
pressed in cultured adipocytes, was secreted from
adipocytes during 1h incubation periods, suggesting
that adipocytes could secrete expressed FVIII efficiently.
FVIII molecules identified in the conditioned media
consisted of the heavy chain, the light chain, and
degraded FVIII products, and the presence of these FVIII
species in the conditioned media were consistent with
the previous report.*

Transduction of the adipose tissue by SlViacZ in vivo
To explore the possibility that the SIV vector can
transduce adipocytes in wvivo, SIVlacZ vectors were
injected into the subcutaneous adipose tissue of 8-
week-old db/db mice. Wild-type mice have adipose tissue
in the mesenterium and peritesticular regions, but they
are generally lean and do not have enough subcutaneous
adipose tissues for vector injection. NOD/SCID mice are
used frequently for gene therapy research because of
their immunodeficiency, but they also have little sub-
cutaneous adipose tissues. Among several types of obese
mice used for metabolic disease research, db/db mice are
well characterized, obese, and diabetic. They become
obese by accumulating fat in the subcutaneous and
visceral adipose tissues after 4 weeks of age. Thus, db/db
mice are appropriate for studying in vivo transgene
expression from subcutaneous adipose tissue. At 2 weeks
after the injection, the adipose tissues were excised and
processed for detection of B-galactosidase activity. As
shown in Figure 3a, the adipose tissue was stained blue
homogenously after the X-gal staining in the macro-
scopic view. In the histology sections of the adipose
tissue, B-galactosidase activity was detected in the
adipocytes of db/db mice (Figure 3b,c). These data
suggest that SIV vectors are capable of transducing
adipocytes in vivo in mice.

Plasma human FVIII levels in SIVhFVIli-injected dbldb
mice

To evaluate in vive production of human VII from
adipocytes, SIVhFVIII was injected into subcutaneous
adipose tissues of db/db mice. Mouse plasma was
obtained on days 0, 4, 7, 11, 14, 18, 21, and 25 after
vector injection and human FVIII levels in mouse plasma
were quantified by an ELISA that recognizes only human
FVII. Plasma human FVII levels (closed circle) in-
creased to 1.8 ng/ml on day 11, but human FVIII antigen
was not detectable in the circulation on day 14 after
vector injection (Figure 4). Since db/db mice are immu-
nocompetent, they may develop antibodies to human
FVIII expressed in vivo. To explore the possibility that
disappearance of human FVIII from the mouse circula-
tion was caused by the presence of antibody against
human FVII in db/db mice, a solid-phase EIA for
detection of db/db mouse antibody to human FVIII was
carried out. As shown in Figure 4, anti-human FVIII
antibodies (triangle) were detected in db/db mouse
plasma obtained on day 14 and the levels increased
gradually to 6.9 pg/ml by day 25.

Transduction of adipocytes by SIV vectors
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Figure 3 Transduction of the adipose tissues of dbjdb mouse by SIVIacZ.
The SIViacZ vector (5 x 107) was diluted in PBS and was injected into the
subcutaneous adipose tissues of dbjdb mice. The subcutaneous adipose
tissues were excised on day 14 after injection. Tissues were processed for
detection of f-galactosidase activity, as described in Materials and
methods. The adipose tissue (macroscopic view) was homogenously stained
blue (a). B-galactosidase activity was observed in the adipocytes, as
reflected by the blue staining in the histology sections (b, c).

Detection of FVIIl transcripts in the adipose tissue

of db/db mice

To assess the expression of transgenes in the adipose
tissue of db/db mice, the adipose tissues were excised on
day 14 after injection and subjected to reverse transcrip-
tion-polymerase chain reaction (RT-PCR) analysis for
detection of human BDD-FVII transcripts using human
FVII or mouse GAPDH-specific primers. As shown
in Figure 5, human FVIII transcripts were detected in
the adipose tissue from the SIVhFVIIl-injected mice,
but not in the adipose tissue from SIVlacZ-injected
mice. Mouse GAPDH transcripts were detected in both
RNA preparations. These data suggest that the human
FVIII transgene was expressed in the mouse adipose
tissue.
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Figure 4 Plasma luman FVII levels in SIVHFVII-injected dbjdb mice.
Peripheral blood was obtained from SIVIFVIl-injected mice or the
SIVlacZ-injected control mice on days 0,4, 7,11, 14,18, 21, and 25 after
injection. Human FVII concentrations in plasma of dbjdb mice who
received SIVRFVIII (closed circle) or SIVIacZ (open circle) injection were
determined by ELISA (mean, n =2). Anti-human FVIII antibodies present
in mouse plasma (closed triangle) were quantified by the solid phase EIA as
in described in METHODS.
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Figure 5 RT-PCR analysis of adipose tissue-derived RNA. RNA was
isolated from the murine adipose tissue on day 14 after vector injection. A
measure of 100 ng of RNA was subjected to RT-PCR with specific primer
pairs for the human BDD-FVIII transcript (human FVIII) or for the mouse
GAPDH transcript (mouse GAPDH). Amplified products were analyzed
on 2% agarose gels followed by ethidium bromide staining (control, RNA
isolated from the SIVlacZ injected adipose tissue; SIVHFVIII, RNA
isolated from the SIVIFVII-injected adipose tissue).

Detection of human FVIII expressed in the adipose
tissue of db/db mouse

Mouse adipose tissues were processed for detection of
human FVII antigen, and imaged by immunofluores-
cence (Figure 6). Human FVIII was observed in adipo-
cytes isolated from SIVhFVII-injected mice (left), but not
in cells from mice that received the SIVlacZ vector
(right). These data confirm the notion that the human
FVIIl was produced from the SIVhFIII-transduced cells
in vivo.

Discussion

The subcutaneous adipose tissue has attractive features
for genetic therapy, such as easy accessibility, active
biosynthesis and secretion behavior, and high vascular-
ity.> However, adipocytes are terminally differentiated
and nondividing cells with a characteristic phenotype
expression. A variety of viral and nonviral vectors are
used to transduce cells in vitro and in vivo for gene
delivery, but it is still rather difficult to transduce
nondividing cells efficiently. Adenoviral vectors are able
to transduce nondividing cells including adipocytes,®®
but transgene expression by adenoviral vectors is
thought to be transient and they are highly immuno-

Gene Therapy

Figure 6 Detection of human FVII antigen in mouse adipose tissue. The
adipose tissue of SIVHFVIII injected dbjdb mice (a) or SIViacZ-injected
mice (b) were subjected to immunofluorescence staining for human FVIII
antigen. Tissue sections were incubated with sheep anti-human FVII
polyclonal antibodies. The bound antibodies were detected by Alexa-
Fluord88-conjugated secondary antibody and visualized using a fluores-
cence wmicroscope (E800, Nikon Co Ltd, Tokyo, Japan).

genic. In contrast, pseudotyped lentiviral vectors are
versatile enough to stably transduce various types of
cells including nondividing cells, and were not as
immunogenic as the adenoviral vectors.”® But trans-
duction of adipocytes with lentiviral vectors had not
been studied yet. There are safety concerns in utilizing
HIV-1-based lentivirus vectors for gene therapy clinical
trials. In this regard, simian immunodeficiency virus
agmTYO1 (SIVagmTYOT1)-based vectors are of particular
interest. SIVagmTYO1l is an HIV-related lentivirus
isolated from the African green monkey and shown to
be nonpathogenic to both their natural hosts and to
experimentally inoculated Asjan macaques.’ Addition-
ally, due to the use of contaminated blood products,
some hemophilia patients are HIV-1 carriers. If an HIV-1-
based vector is administered to such patients, the
replication-competent lentivirus particles carrying the
therapeutic gene may be generated by homologous
recombination between the recombinant HIV vector
and the wild-type HIV genome. The packaging signal
in the HIV vector sequence may be another factor
contributing to production of replication-competent
lentivirus particles. From this perspective, then, a SIV
vector based on the SIVagm TYO1 strain may be a better
vehicle for hemophilia gene therapy because SIVagm
TYO1 has less than 60% genomic sequence similarity
to HIV-1.

We have shown that SIV vectors carrying the eGFP, the
lac Z, or a therapeutic gene can transduce cultured
human adipocytes in vitro and mouse adipose tissue
in vivo. Transduction of the human adipocytes by the
SIVeGFP vector in witro was dose-dependent and
appeared to be efficient. Production of human FVIII
(320+39.8 ng/10°cells /24 h) from transduced adipocytes
at MOI 6.5 x 10° vg/cell in vitro was considerable and
efficient, raising the possibility of achieving therapeutic
levels of plasma FVIII in mice if 10° adipocytes were
transduced by SIVhFVII efficiently in vivo. Thus,
SIVRhEVIII 4 x 10° vg was injected to the mouse subcuta-
neous adipose tissue. Human FVIII was detected in the
mouse plasma and this human FVIII level was approxi-
mately 1-2% of the normal FVIII level of normal human
subjects. The FVII levels achieved in mice were
relatively low, but such increase of the FVIII level would
develop clinical effects in hemophilias such as decrease
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of bleeding episodes and of the use of FVIII concentrates.
Data on clinical trials of hemophilia A gene therapy
support this notion.” However, this human FVIII level in
mouse plasma was lower than that expected from the
observed in vitro production rate. One contributing factor
may be the shorter half-life of human FVII in mice
compared to humans. The half-life of injected human
FVIII in mice is approximately 1 h,'® whereas the half-life
in hemophilia patients is closer to 8-12h. Another
possibility may be the inefficient transduction of adipo-
cytes in wivo because the vector-containing solution
might not diffuse throughout the adipose tissues,
resulting in less adipocytes being exposed to the viral
vectors. It is also possible that transduction of mouse
adipocytes by the SIV vector is less efficient than that
of human cells. Production of human FVIII from
differentiated 3T3-L1 cells, transduced with the SIVhEF-
VII vector, was significantly lower than that from
human adipocytes (not shown). The observation that
anti-human FVIII antibodies were present in the mouse
plasma obtained on day 14 and subsequently increased
to 6.9 ug/ml by day 25 suggested that human FVIII
was rapidly cleared from the mouse circulation by the
formation of immune complexes after day 14. Thus,
human FVIII was secreted into the circulation and was
recognized by the db/db mouse immune system. The
notion that human FVII was synthesized in the
adipocyts in vivo is also supported by detection of
human FVIII gene transcripts and products in the
adipocytes. In conclusion, adipose tissue is easily
accessible and is an appropriate target for gene delivery.
Recombinant SIV vectors may be applicable for adipo-
cyte-targeted gene therapy for hemophilia A.

Materials and methods

Cell culture

Human white adipocytes prepared in 24-well culture
plates were purchased from Zen-Bio Inc. (Research
Triangle Park, NC, USA). These cells were differentiated
from preadipocytes isolated from the adipose tissue of
49-year-old healthy subjects undergoing liposuction
surgery with informed consent. The cells were shown
to express leptin, CCAAT/enhancer-binding protein
o, peroxisome proliferator-activated receptor y, and
STATs.***® Human adipocytes were cultured in
DMEM/HAM F10 medium supplemented with 3% fetal
bovine serum, 15 mM HEPES, biotin (33 uM), pantothe-
nate (17 pM), insulin (100 nM), dexamethazone (1 uMm),
penicillin  100U/ml,  streptomycin (100 pg/mb),
and amphotericin B (0.25 ug/ml) (Zen-Bio Inc.). 3T3-L1
cells (ATCC) were cultivated in DMEM containing 10%
FBS. Differentiation of 3T3-L1 cells to adipocytes was
carried out in the medium containing dexamethasone,
insulin, and 1-methyl-3 isobutylxantine, as described
previously.'®

Production of SIVagm vectors

Human FVIII ¢cDNA spanning the entire coding region
was a generous gift from Dr JA van Mourik (VU
University Medical Centre).’” As the B domain is excised
from other FVIII domains upon activation by thrombin
and is not essential for coagulation activity of FVIIia,
coding for the B domain was deleted from the human
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FVIII ¢DNA by PCR-based mutagenesis (BDD FVII
¢DNA), as described previously.’® The deletion was
confirmed by sequencing. The characteristics and pro-
duction of SIVagm vector used in this study were
described previously.'® Self-inactivating SIVagm vectors
are pseudotyped with vesicular stomatitis virus glyco-
protein G (VSVG). We constructed a series of gene
transfer vectors to express the eGEP gene, the lacZ gene,
and the hBDDFVIII gene driven by the cytomegalovirus
(CMYV) promoter. To produce SIV vectors, 293T cells were
transfected with the packaging vector, the gene transfer
vector, and pVSVG (Clontech), as described previously.*
Transduction units of SIVeGFP were determined by
infection of SIVeGFP to 293T cells, followed by determi-
nation of eGFP expression by FACS analysis. RNA dot
blot analysis was performed to quantify the amount of
SIVagmTYOlvector genome of vector preparations.
When SIVhEVII was produced in 293T cells, SIVeGEFP
also was prepared simultaneously and the transduction
unit of SIVeGFP and the amount of vector genome were
determined. The SIVeGFP preparation was used as the
standard to estimate the transduction units of SIVhFVIIIL.

In vitro culture and transduction of human adipocytes
For transduction, increasing concentrations of the SIV
vector were added to human adipocyte cell monolayers
in 24-well culture plates, and the cells were incubated at
37°C for 48 h in the presence of 5% CO.. After incubation,
the medium was harvested and changed, according
to the manufacturer’s instruction. SIVeGFP-transduced
adipocytes were analyzed for eGFP expression by
fluorescence microscopy and flow cytometry, and the
conditioned medium of SIVhFVIII-transduced adipo-
cytes was harvested and subjected to FVIII ELISA. To
study the secretion of FVIII from adipocytes transduced
with SIVhFVII, pulse-chase experiments were per-
formed. SIVhFVIII-transduced adipocytes were cultured
for 30min in methionine-deficient DMEM (GIBCO-
Invitrogen Japan, Tokyo, Japan) containing 3700 kBq/
ml [3°S]-methionine (NEN Life Science Products, Inc.,
Boston, MA, USA), and then cultured in the complete
medium (DMEM). After various incubation time peri-
ods, conditioned medium and cell extracts were pre-
pared. To isolate [*°S}-labeled FVIII molecules, the
conditioned media and cell lysates were subjected to
immunoprecipitation using sheep polyclonal antibodies
against human FVII and protein A-coupled Sepharose
CL-4B (Amersham Pharmacia Biotech, UK). [*3S}-labeled
FVIII was analyzed by SDS-PAGE followed by auto-
radiography, and quantified using an image analyzer
BAS 2000 (Fujifilm, Tokyo, Japan), as described.®

Mice

Experimental db/db mice (C57BL/KsJ-db/db) are well
characterized obese and diabetic mice caused by the
genetic abnormality of the leptin receptor gene,* and
were purchased from Japan SLC Inc. (Hamamatsuy,
Japan). The db/db mice were kept in a clean P3-level
experimental room, and were maintained on a sterile diet
and given autoclaved water.

Transduction of mouse adipose tissues by SIV vectors
SIV vectors carrying either the lacZ gene or the hFVIII
gene were diluted in PBS and injected into the
subcutaneous adipose tissue of the mice. Peripheral
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blood (100 pl) was collected from mouse tail veins into
tubes containing heparin. Platelet poor plasma was
prepared by centrifugation of the peripheral blood at
1000 g for 15 min, and subjected to FVIII ELISA. Some
mice were killed on day 14 after the injection for
detection of transcripts and products of the transgenes.

Enzyme immunosorbent assay (ELISA) for human

FVIIl antigen

Since human FVIII clotting activity could not be
quantified directly in the db/db mice because of the
presence of endogenous murine FVII, human FVIII
expressed in db/db mice was quantified by a human
FVII-specific ELISA, as described previously.? Briefly,
96-well microtiter plates (Costar, Cambridge, MA, USA)
were coated with 1 ug/ml mouse monoclonal antibody
to human FVIII (Chemo-Sero Institute, Kumamoto,
Japan). After blocking with 5% casein in PBS, mouse
plasma samples or pooled normal human plasma in Tris-
buffered saline (TBS) containing 0.1% Tween 20, 1%
casein were added. After 16 h incubation at 4°C, human
FVII bound to the plates was detected with sheep anti-
human FVIII polyclonal antibodies (Cedarlane Labora-
tories Ltd, Homby, Ontario, Canada) and horseradish
peroxidase-conjugated rabbit anti-sheep IgG.

Detection of anti-human FVIII mouse antibody
Microtiter plates were coated with purified human FVIII
in PBS for 16 h. After blocking with 5% casein, FVIII-
coated microtiter plates were incubated with mouse
plasma at 10-1000-fold dilutions or monoclonal anti-
bodies raised against human FVIII as the standard.
Mouse IgG bound to human FVIII was detected by HRP-
conjugated anti-mouse IgG, followed by incubation with
HRP substrate ABTS (Kirkegaard & Perry Laboratories,
Inc., Gaithersburg, MD, USA).

Detection of -galactosidase and human FVIill

in the mouse adipose tissue

Mouse adipose tissues were obtained from db/db mice.
The adipose tissues were fixed with 2% paraformalde-
hyde in PBS for 5min, washed with PBS, and then
incubated in PBS containing 1mg/ml X-gal, 2mM
MgCl,, 5mM K,Fe(CN)s, 5mM K;Fe(CN)s, 0.01% Na
deoxycholate, 0.1% Triton X-100 for 1 h. The tissues were
again washed, incubated with PBS containing sucrose
(10-30%), and frozen with OTC compound (Tissue-Tek,
Miles Inc., Elkhart, IN, USA) in dry ice/ethanol. Tissue
sections were made at —35°C and attached to poly-
lysine-coated glass slides. For the immunofluorescence
study, the adipose tissues were fixed with 4% parafor-
maldehyde in PBS for 2h at 4°C, incubated with PBS
containing sucrose (10-30%), and then frozen in the
presence of OCT compound in dry ice/ethanol. Sections
were prepared from frozen tissues at —35°C and attached
to polylysine-coated glass slides. For the detection of
human FVIII, tissue sections were blocked with 1%
bovine serum albumin in PBS. Samples were incubated
with polyclonal anti-human FVIII antibody at 4°C for
16 h. After washing in PBS, cells were incubated with
donkey anti-sheep IgG antibody conjugated with
Alexa488 (Molecular Probes, Eugene, OR, USA) at 4°C
for 16 h for visualization of human FVIII by fluorescence
microscopy.

Gene Therapy

Detection of the BDD-FVIII transcript by RT-PCR
RNA was isolated from the adipose tissue by the acid-
guanidine method and was reverse transcribed to cDNA
using reverse transcriptase (Superscript, Invitrogen
Japan, Tokyo, Japan) and oligo-(dT) primers in a 20 pl
mixture (QIAGEN Japan, Tokyo, Japan) after DNase I
(Amplification grade, Invitrogen) treatment. Subsequent
PCR amplification was carried out with 1l of ¢cDNA
solution in a 50 pl reaction mixture containing 5 U of Taq
polymerase, 10 mmol/1 Tris-HCl (pH 8.5), 50 mMm KCl,
1.5 mM MgCl,, and 100 pM dNTPs in the presence of
specific primer pairs (200 nM) designed to amplify the
DNA fragments derived from the transcript of the BDD-
FVIII transgene. Each PCR cycle consisted of denatura-
tion at 94°C for 15s, annealing at 55°C for 30s, and
extension at 72°C for 30s. The PCR products were
analyzed by agarose gel electrophoresis. Authenticity of
PCR products was confirmed by their molecular sizes
after agarose gel electrophopresis, and by sequencing.
The primer sequences for human FVIII are ATTGGAG-
CACAGACTGACTT and ATATGGTATCATCATAGTCA
(400 bp). Primers for mouse GAPDH were purchased
from R&D Systems, Inc. (Minneapolis, MN, USA).
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